14 The highest ext ϭ5.6% for a red phosphor has been achieved with PtOEP doped into 4,4Ј-N,NЈ-dicarbazole-biphenyl.
͑CBP͒. 4 However, the relatively long phosphorescence lifetime ͑ϳ80 s͒ again results in T-T annihilation at high current. 16 In this study, we demonstrate red organometallic phosphors characterized by a high quantum efficiency and a short radiative lifetime. 17 The metal complexes contain cyclometalated benzothienylpyridine ligands, i.e., bis͑2-͑2Ј-benzo͓4,5-␣͔thienyl͒ pyridinato-N,C 3Ј ͒ iridium ͑acetyl-acetonate͒ ͓btp 2 Ir͑acac͔͒ 7 and ͑2-͑2Ј-benzo͓4, 5-␣͔thienyl͒pyridinato-N,C 3Ј ) platinum ͑acetylacetonate͒ ͓btpt͑acac͔͒, shown in Fig. 1 . The synthesis of btpPt͑acac͒ was prepared by a method analogous to that used 7 for btp 2 Ir͑acac͒. The small -* transition energy of the btp ligand relative to other ligands used in heavy-metal phosphors leads to a low-energy triplet excited state, giving strong red phosphorescence. OLEDs employing these phosphors were grown by high vacuum (10 Ϫ6 Torr) thermal evaporation onto pre-cleaned glass substrates as described elsewhere. 6 Device I គ is comprised of a 20 ⍀/ᮀ indium tin oxide ͑ITO͒ anode, a 50-nm-thick 4,4Ј-bis͓N-͑1-naphthyl͒-N-phenyl-amino͔biphenyl hole transport layer ͑HTL͒, a 20-nm-thick light-emitting layer ͑EML͒ consisting of a conductive CBP host doped with ϳ7% of the guest phosphor, a 10-nm-thick 2,9-dimethyl-4,7-diphenyl-phenanthroline hole and exciton blocking layer, 4 a 65-nm-thick tris͑8-hydroxyquinoline͒aluminum (Alq 3 ) electron transport layer ͑ETL͒, and a cathode comprised of a 100-nm-thick ͑10:1͒ MgAg layer, with a further 20 nm Ag deposited as a protective cap ͑Fig. 1͒. Device II has the ITO anode, a 60-nm-thick 4,4Ј-bis͓N,NЈ-͑3-tolyl͒amino͔-3,3Ј-dimethylbiphenyl 6 HTL, a 25-nm-thick 2,2Ј,2Љ-͑1,3,5-benzenetriyl͒tris͓1-phenyl-1H-benzimidazole͔ ͑TPBI͒ 18 EML doped with ϳ7% phosa͒ Electronic mail: forrest@ee.princeton.edu APPLIED PHYSICS LETTERS VOLUME 78, NUMBER 11 12 MARCH 2001 phor, a 50-nm-thick Alq 3 ETL, and the same cathode as in device I គ. previously, the characteristic current (J 0 ) at which ext falls to 50% its peak value due to T-T annihilation is inversely proportional to 2 . 14, 19 This figure of merit of a phosphor is listed in Table I along with for the devices tested. The btp 2 Ir͑acac͒ lifetime is ϳ12 times smaller than that of PtOEP, leading to considerably improved high-current performance of the Ir-based compound. The low ext of btpPt͑acac͒ is consistent with its low photoluminescence efficiency ͓(8Ϯ2)%͔ compared with that of btp 2 Ir͑acac͒ ͓(21Ϯ5)%͔ and PtOEP ͓(40Ϯ10)%͔.
The EL spectra originating from the triplet-excited states of the phosphors shown in Fig. 3 are coincident with those of the phosphors in a dilute solution. The Commission Internationale de L'Eclairage ͑CIE͒ coordinates for the four devices are compared with a fluorescent 2%-DCM2:Alq 3 device (x ϭ0.61,0.39) ͑inset of Fig. 2͒ . Similar to the Eu͑TTA͒ 3 phen of (xϭ0.68,yϭ0.32), the btp 2 Ir͑acac͒ and btpPt͑acac͒ doped devices demonstrate a saturated red emission (xϭ0.67, y ϭ0.33) which is close to the National Television Standards Committee recommended red for a video display. Furthermore, the EL spectra and CIE coordinates of btp 2 
Ir͑acac͒ in devices I
គ and II are independent of current ͑Fig. 4͒. Even at JϾ100 mA/cm 2 , blue emission from either the CBP or TPBI host is negligible, indicating complete energy transfer under the excitation conditions used: a direct consequence of the short phosphor lifetime of this compound. 20 In summary, we demonstrated high-efficiency, highbrightness red phosphorescent OLEDs employing benzothienylpyridine ͑btp͒ as a ligand in iridium and platinum complexes. Significant improvements in ext as compared with PtOEP were achieved due to the short phosphorescence lifetimes of Ͻ10 s of the new compounds studied, thereby minimizing T-T annihilation and saturation of the ligand excited state. 
